We briefly review the stability of the QQqq-type of tetraquarks with two heavy quarks and two light antiquarks. We present the first comprehensive estimate of the lifetime and leading decay modes of the exotic meson bbūd with double beauty.
Introduction
There is an exciting activity dealing with exotic or crypto-exotic hadrons containing heavy quarks and/or antiquarks. Most experimental searches and results deal with hidden-flavor states such as the XY Z mesons or P c baryons, which in some cases are remarkably narrow, but still unstable with respect to dissociation into lighter hadrons. There is also a renewed interest in flavor-exotic mesons which were already foreseen decades ago and seemingly will become accessible to the next generation of experiments. It is predicted that some QQqq states with two heavy quarks and two light antiquarks lie below their lowest dissociation threshold, and thus will provide the first evidence for stable multiquark states beyond the familiar nuclei. Some relevant reviews include Refs. 1-6.
The physics of weak interactions will be much stimulated by the occurrence of such states. The decay of strangeness has revealed the possibility of oscillations, the Cabibbo mixing scheme, and the dominance of nonleptonic modes for hyperon decays, due to the strong final state interaction. The decay of charmed hadrons has shown how the lifetimes and the semileptonic branching ratios are sensitive to the light constituents surrounding the charmed quark, with very different values for D + and D 0 , and for the various charmed baryons. In contrast, the hadrons with single beauty, such as the B mesons and the Λ b baryons have a remarkably similar lifetime τ ∼ 1.5 ps, suggesting that the b quark, while decaying, ignores its environment.
Our aim is to review briefly the stability of the T − bb ≡ bbūd isoscalar exotic meson in constituent models, and to study its decay modes. Naively, a hadron with two b quarks should decay about twice faster than a hadron with a single b. This is the result found for bbq baryons 7 . In the case of the tetraquark, two effects might act in the opposite direction. Firstly, for a typical decay T bb →B ( * ) + D ( * ) + X, a fraction of the released energy is taken by the spectatorB ( * ) , and less effective phase-space is left for the weak decay itself. It is known, from many examples in the study of nuclear β decays, how sensitive are the weak interactions upon the available phase space. Secondly, after the b → c transition, the hadronization is somewhat more laborious than in the case of B decay, because the antiquarks are further apart and not always in an optimal color state. This is why a detailed calculation is necessary, using realistic wave functions for both the tetraquark and the hadrons in the final state. 8 
Stability of doubly-heavy tetraquarks
The first theoretical indication for the stability of QQqq tetraquarks was made nearly four decades ago 9 , and confirmed by several groups, as reviewed, e.g., in Ref. 3 . It can be understood in the following way. Let us denote by M and m the constituent masses, and start from the case where M = m, being first restricted to a spin-independent interaction, which is assumed to be flavor independent. If M is increased and m decreased with the average inverse mass kept constant, the energy of the tetraquark is lowered by the breaking of symmetry (namely charge conjugation), while the threshold energy remains constant. For a large enough mass ratio M/m, stability is reached. This is the same mechanism by which the hydrogen molecule is much more stable than the positronium molecule, when the bindings are scaled by their respective threshold energies.
Explicit four-body calculations show that this chromoelectric mechanism, though fully rigorous, it is not sufficient to provide binding, even for bbqq. Fortunately, there is another effect, due to chromomagnetic forces. In an isoscalar QQūd state with J P = 1 + , theūd pair is mainly in a spin s ud = 0 and orbital momentum ℓ ud = 0 state, and benefits from a strong spin-spin attraction. In the threshold, the spin-spin effects are penalized by the mass of the heavy quark.
Note that we do not have to assume any diquark clustering beforehand. We simply note that the dynamics induces some correlation between the two heavy quarks, due to chromoelectricity, and between the two light antiquarks, due to chromomagnetism. Pairwise interactions based on coloroctet exchange induce mixing between the33 and 66 states in the QQ −basis, enhancing the33 components for larger values of M due to the attractive chromoelectric interaction of the QQ pair that it is absent in the Qq threshold. This result is only valid in the bottom sector. In the charm sector, the binding mechanism is different: the33 and 66 components have a similar probability and are mixed by the chromomagnetic interaction. A brute-force diquark approximation might be misleading. 10 Within explicit quark models, the state of art of rigorous calculations is the following. The double-charm isoscalar tetraquark ccūd with J P = 1 + is probably slightly bound below its formal threshold DD * 11 , i.e., should be searched for as a peak in DDπ or DDγ. The double-beauty isoscalar T bb is stable, lying approximately 150 MeV below the strong decay threshold B −B * 0 and 105 MeV below the electromagnetic decay threshold B −B0 γ. Thus it decays weakly. 8 The isoscalar bcūd might be stable too, and if this is the case, can bear J P = 0 + or 1 + . While the J P = 0 + state would be strong and electromagnetic-interaction stable, the J P = 1 + would decay electromagnetically toBDγ. 12,13
T bb weak decays
We have calculated the width of the isoscalar T bb tetraquark due to all plausible semileptonic and nonleptonic decay modes. 8 The hadronic decays are calculated within the factorization approximation. Some of the corresponding processes are illustrated in Fig. 1 For semileptonic decays involving two mesons in the final state, the processes involving a b → c vertex are favored compared to those involving a b → u vertex, due to the larger CKM matrix element. For the former, see table 1, and, for the latter, a typical estimate Γ(T bb →B * 0 ℓ −ν ℓ ) ∼ 0.04 × 10 −15 GeV. Besides, due to spin recoupling coefficients, the largest decay widths appear for vector mesons in the final state. 
. The largest partial widths
For the nonleptonic decays, the largest widths are for the decays of the typeB * D * D s * . All of them contain a b → c vertex and a D * s meson in the final state. See Table 2 . Once again vector mesons are favored in the final state. Processes with D s or a light meson final states arising from vacuum have decay widths comparable to the corresponding semileptonic decay.
In the event where an isoscalar T bc tetraquark with J P = 0 + exists, then the decay T bb (1 + ) → T bc (0 + )ℓ − ν is about 3. × 10 −15 GeV. The semileptonic decay to the isoscalar J P = 0 + tetraquark T 0 bc is relevant but it is not found to be dominant. 
We also estimated all plausible decay modes such asB 0 e −ν e , or B * − D + π − , etc. The total width turns out to be about 87 × 10 −15 GeV, which gives an upper bound for the lifetime of about 7.6 ps.
Outlook
We have examined the stability of QQqq tetraquarks, showing how the structure of the T QQ state evolves from a molecular-like system to a compact-like structure when moving from the charm to the bottom sector, due to a competition between chromoelectric and chromomagnetic forces. We have also examined a variety of decay modes of T bb , either semileptonic and nonleptonic. The leading modes involve aB ( * ) and a D ( * ) in the final state. The experimental search might look at channels with a smaller branching ratio but an easier identification, as the final states pointed out in Refs. 14-16. The most striking result is our estimate of the lifetime τ (T bb ) ∼ 7.6 ps ,
to be compared with about 1.5 ps for hadrons with single beauty. For instance, if one searches for double-b hadrons by the method of displaced vertex 17 , the tetraquark will give a signature rather different from that of the baryons. See, also, the discussion in Refs. 15,16. 
